Aims: Migraine is a global phenomenon, affecting more than 10% of the world's population. It is characterized by unilateral headache that may be accompanied by vomiting, nausea, photophobia and phonophobia. Some patients with chronic migraine respond to extra-cranial botulinum toxin type A injection, although the benefits observed are temporary. The rationale for surgical trigger site deactivation is to achieve lasting symptomatic improvement or permanent relief from migraine. Methods: We performed a PRISMA-compliant systematic review of clinical studies evaluating surgical intervention for migraine by searching Ovid MEDLINE and EMBASE databases from inception to June 2017. Studies were independently screened by two authors. Data were extracted on study characteristics, migraine outcomes, adverse events and recurrence. The quality of evidence was assessed using the GRADE approach. The review protocol was prospectively registered on the PROSPERO database (CRD42017068577). Results: The search strategy identified 789 articles; of them, 18 studies (4 RCTs and 14 case series) were eligible for analysis. Surgical interventions were heterogeneous and variably involved peripheral nerve decompression by myectomy or foraminotomy, nerve excision, artery resection and/or nasal surgery. All studies reported significant reductions in migraine intensity, frequency, duration and composite headache scores following surgery. Study heterogeneity precluded formal meta-analysis. Where reported, adverse event rates varied markedly between studies. The quality of included studies was consistently low or very low. Conclusion: There is insufficient evidence to support the effectiveness of any specific surgical intervention for chronic migraine, especially with regard to permanent relief; however, all included studies report improvements in key outcomes following migraine surgery. A definitive, well-powered RCT with objective surgical and patient-reported outcome measures and robust adverse event reporting is required.
Introduction
Migraine headache is a global phenomenon and affects more than 10% of the world's population. 1 It is the most common brain disorder and is characterised by moderate to severe unilateral headache that may be accompanied by vomiting, nausea, photophobia and phonophobia. 1, 2 It is more common than both diabetes mellitus and asthma. 3, 4 Women are more than twice as likely to suffer with migraine than men, and it is more common in students and urban residents. 1 Approximately one third of migraine sufferers are not helped by standard therapies. 5, 6 The economic effect of migraine is significant, surpassing $13 billion per year in the United States alone, predominantly through the cost of medicines and time off work. 7 Patients experiencing headache on more than 15 days per month -where at least eight of these headache days meet the criteria for migraine or respond to migraine-specific therapy -may be diagnosed with chronic migraine. 8 It is estimated that between 1.3% and 2.4% of the general population suffers from chronic migraine and its additional socioeconomic and disability sequelae. [9] [10] [11] [12] A cohort of chronic migraine patients responded to a botulinum toxin type A injection administered into specific anatomic extra-cranial locations. In the standard paradigm, the majority of these injection sites are agnostic to the specific headache location in any one patient -although up to eight further injections may then be given using a 'follow the pain' strategy. The PREEMPT studies provide evidence supporting the effectiveness of both botulinum toxin and placebo injections for chronic migraine, with greater improvement in the intervention group, in terms of headache days per month and improved health-related quality of life. [13] [14] [15] [16] The extra-cranial migraine trigger site concept differs from traditional concepts of migraine pathogenesis, in that it describes the mechanical compression of an extra-cranial peripheral nerve by localised muscle activity, which usually corresponds to the area of onset of the headache. Numerous extra-cranial trigger sites have been described in the literature around the cranio-facial regions, posterior head and neck and nose. [17] [18] [19] [20] [21] Consistent aberrant peripheral signalling through intermittent nerve compression is thought to initiate centrally mediated migraine activity. 22, 23 Botulinum toxin injections at extra-cranial trigger sites cause paralysis of the surrounding muscle tissue and hence temporarily de-activate that specific trigger site. It is associated with low complication rates, but it can only provide temporary relief. 13 Patients with chronic migraine responsive to botulinum toxin at certain trigger sites may therefore be candidates for surgical intervention -especially if botulinum toxin therapy becomes less effective over time or is associated with unwanted side effects.
A variety of surgical options for chronic migraine have been proposed, including peripheral nerve decompression by myectomy or foraminotomy, nerve excision, artery resection and/or nasal surgery. The premise of surgical deactivation of trigger sites through these methods is to ameliorate migraine symptoms and achieve permanent deactivation of the trigger site. 17 , 24-26 
Rationale
The effectiveness of surgical intervention for chronic migraine has been asserted by a number of primary clinical studies. [26] [27] [28] [29] However, to date, there has been no critical evaluation of the quality of the evidence for migraine surgery or whether the available evidence supports its effectiveness. Furthermore, the risk of adverse events is unclear. This systematic review of surgical interventions for chronic migraine provides an objective assessment of the evidence and a descriptive analysis of its effectiveness and adverse outcome rates.
Objectives

1.
To evaluate the quality of evidence for the efficacy of surgical intervention for chronic migraine. 2. To determine the effect of surgical intervention on migraine intensity, frequency, duration and migraine headache index (MHI) outcomes through pooled descriptive analysis. 3. To determine the risk of adverse events and migraine recurrence following surgical intervention for chronic migraine.
Methods
The objective of this review was to assess the literature on surgical intervention for migraine with a focus on identifying and evaluating outcome measures and adverse events in accordance using the methodology described in the Cochrane Handbook of Systematic Reviews of Interventions, where applicable. 30 This review has been performed in accordance with the PRISMA statement. 31 A comprehensive review protocol was prospectively registered on the PROSPERO database (CRD42017068577).
Search methods
Studies were identified thorough a systematic literature search of all records in Ovid MEDLINE and Ovid EMBASE from database inception to June 2017. The primary author (JCRW) completed both 'freetext term' and 'MeSH term' searches by combining variations of the keywords 'migraine' and 'surgery' using Boolean operators. 20 Only English language articles were considered. The search results were merged, and duplicate citations were discarded. Titles and abstracts were screened in duplicate, and studies unrelated to the research objective were discarded. The full text of each shortlisted paper was read in full by each author independently to assess its eligibility for inclusion. The final list of included studies was compared and discussed between all authors. The bibliographies of included papers and previous reviews were examined to ensure all relevant studies had been considered. Any disparities regarding inclusion of articles were resolved by consensus with reference to the pre-specified inclusion criteria. Published data from included studies were scrutinised for reporting of outcomes. If relevant data were not available for extraction, authors were contacted by email with a specific data request.
Criteria for selecting studies
Study selection criteria were defined during the protocol stage and included all clinical studies of surgical intervention for chronic migraine. Two authors (JCRW and JL) used a pre-specified, bespoke inclusion/exclusion Excel sheet to independently assess eligibility of studies. Case reports, letters, editorials, anatomical studies and literature reviews were excluded. Study participants were adults undergoing surgical intervention for chronic migraine, diagnosed according to the International Classification of Headache Disorders (ICHD) criteria or International Headache Society (IHS) guidelines where possible. 32, 33 Studies of patients with headache other than migraine (including familial hemiplegic migraine, supraorbital rim syndrome and cluster headache) were excluded. Studies were included if they reported on any outcomes following surgery for migraine surgery, including operative outcomes, patient-reported outcomes, recurrence rates and adverse outcomes. The quality of evidence was assessed using the Grading of Recommendations Assessment, Development and Evaluation (GRADE) approach. 34 
Data extraction
Data collection and analysis were performed in accordance with the Cochrane Handbook of Systematic Reviews of Interventions where applicable. 30 Data were extracted onto a pre-designed electronic form and included location of study, study design, sample size, age of participants, medical comorbidity, migraine characteristics, presence of aura and length of post-operative follow-up. Outcome data were extracted for migraine-specific outcomes, composite headache scores, patient-related outcomes, migraine recurrence and adverse events. Our primary outcome was reduction in migraine severity, based on continuous interval outcome measures and assessed on a visual analogue scale. Secondary outcomes included migraine frequency, migraine duration and composite headache index scores, as well as adverse event and recurrence rates. Two authors (JCRW and JL) extracted the data in duplicate and independently checked the data set for accuracy.
Statistical analysis
We performed simple descriptive statistics for patient demographics. We used a narrative synthesis to summarise the identified surgical and patient-related outcomes with reference to variations in outcome definitions. Pooled rates were calculated for outcomes described by three or more studies to give overall descriptive estimates of effects of surgery and adverse events. Formal meta-analysis was not undertaken because of poor reporting of baseline data, intervention heterogeneity and inconsistent outcome reporting.
Results
Search strategy
Our search strategy identified a total of 789 research articles, 97 of which were potentially relevant to the research question. Of these 97 articles, 46 were read in full and 25 were deemed eligible for inclusion. 19,24,25 , 27-29 , 35-53 Data were immediately available for extraction from 18 study reports. 19,24,25 , 27-29 , 42-53 The authors of the remaining seven studies were contacted with additional requests including, as a minimum, baseline demographic data and absolute pre-and post-operative migraine headache variables. [35] [36] [37] [38] [39] [40] [41] None of the authors were able to provide these data; these studies were excluded and data were extracted from the remaining 18 studies ( Figure 1 , Table 1 ). Details of the excluded studies are shown in Supplementary Table 1 . In total, 18 study reports were included from 17 distinct primary studies.
Study characteristics
The included studies were published between 1962 and 2017. Twelve studies were from research groups in the USA, four from Europe (UK, Italy, Greece and Austria), one from Taiwan and one from Iran. Thirteen of the studies were published in plastic surgery journals, two in craniofacial/maxillofacial journals, one in a neurology journal and two in general journals. The median sample size was 35, with a range of 9-229 participants. Fourteen studies were retrospective observational case series and three were prospective RCTs, one of which published two reports of the same trial, one containing data at one-year follow-up and one at five-year follow-up. 21, 23 The follow-up periods were not reported in five included studies. In the other studies, the follow-up periods ranged from 6 months to 5 years but were most commonly 12 months or longer.
Across all studies, the median age was 44 years (range 35-51 years) with a female preponderance in all but one study. 24 Nine of the included studies reported using an established diagnostic classification system for migraine: six used IHS guidelines and three used a specific ICHD classification ( Table 2 ) .
The remaining eight studies did not report on whether the diagnosis of migraine was made with reference to any diagnostic criteria. The clinician making a diagnosis of migraine was specified in 10 studies: in nine of these, this was a board-certified neurologist, and in the remaining one study, this was an ear, nose and throat surgeon. One study did not report on how the diagnosis of migraine was made. 46 Only five studies reported on the pre-intervention length of migraine history, which ranged from 48 to 204 months. Only six studies reported on pre-intervention medication usage.
Trigger point identification methods varied between studies. Five studies used clinical assessment in isolation to guide operative site selection. History and examination findings were further investigated by a trial of local anaesthetic or botulinum toxin injections in 11 studies and adjunct computed tomography imaging in two.
Interventions
A number of trigger sites were identified and operated on across the included studies. Four studies evaluated unilateral trigger site deactivation only; the remaining 13 studies surgically deactivated identified trigger sites bilaterally. This appears to be a more recent trend, as no studies since 2009 have used a unilateral approach ( Table 2 ) . Five studies evaluated a single trigger site, whereas 12 performed between 1 and 6 trigger site deactivations synchronously.
Surgical interventions were extremely heterogeneous both within studies and between studies ( Table 1 ). Only six of the studies evaluated a single surgical intervention; the other studies involved more complex surgical interventions, with some including up to six different procedures in the treatment group. In these studies, each patient received a different overall intervention consisting of multiple synchronous procedures. Four studies focussed solely on extracranial peripheral nerves, with interventions directed at the superior cervical sympathetic chain, the zygomaticotemporal nerve, the auriculotemporal nerve and the greater and lesser occipital nerves. Two studies looked solely at resection of the glabellar muscle group in isolation. One study evaluated the effect of excision of the superficial temporal artery in isolation. The remaining studies involved, in various combinations, surgical interventions directed at nerves, arteries, muscle groups and nasal structures. Surgery on nasal structures typically involved a combination of selective turbinectomy and/or septoplasty. One study included additional sinus surgery (in this case, ethmoidectomy and maxillary antrostomy). The three RCT study populations each had different intervention and control groups; therefore, the data could not be synthesised in a meta-analysis.
GRADE assessment
All included studies were evaluated against the validated Grading of Recommendations, Assessment, Development and Evaluations (GRADE) standards. 34 A summary of the quality of evidence for each study, with reasons, is detailed in Table 3 .
The overwhelming majority of the literature on migraine surgery is based upon 'low'-or 'very low'quality observational data. Owing to a paucity of high quality evidence, no studies were excluded from the data set following GRADE assessment.
Most observational studies were based on small cohorts of patients undergoing surgical intervention for migraine in a single centre. Although these studies typically report similar improvements in the outcome measures assessed, their conclusions are limited by small sample sizes without evidence of preparatory power calculation, unclear enrolment methods, variability in the surgical intervention offered and poor follow-up ( Table 3 ). In a number of studies, the diagnostic criteria for migraine are not specified. 24, 29, 42, 44, 45, 49, 50, 53 Without a clearly defined patient population, these studies have limited generalisability and do not explicitly identify patients who may benefit from migraine surgery. This is confounded by significant between-study variation in the pre-intervention workup: for example, a proportion of studies used a positive response to botulinum toxin as part of the eligibility criteria, whereas others did not. 24,29,43 -46,48,50,53 Similarly, surgical intervention for migraine is assumed to be appropriate only for treatment-refractory cases (i.e. in those patients who fail to respond to multimodal best medical therapy or non-invasive options). However, most studies do not report on previous medication use or length of migraine history. 19,25,27,28,44 -46,48 -52 A number of studies failed to report on adverse outcomes, raising the possibility of selective outcome reporting. 24,28,29,43 -46,50,51,53 In general, recent studies have typically used nerve decompression approaches -it is unclear as to what extent this is comparable with older studies using alternative surgical interventions (e.g. superficial temporal artery excision or cervical sympathectomy). 24, 53 The three randomised controlled trials (RCTs) were assessed according to GRADE standards with additional consideration given to CONSORT Statement guidelines. 34, 54 One of these trials failed to report complete baseline data. 25, 27 Another study using a side-specific randomisation protocol failed to account for correlation in their data set and appeared to apply contradictory statistical tests. 28 Two RCTs did not adequately describe their patient enrolment criteria or randomisation methodology. 28, 51 In the two studies, where a surgical treatment arm was compared with a no-intervention control arm, statistically significant improvements were also noted in the control group, raising the possibility of regression to the mean. 25, 51 Migraine headache outcomes
Outcome reporting was variable, although pre-and post-operative migraine intensity, frequency, duration and MHI scores were relatively consistently reported. In general, surgical intervention improved scores across these outcomes. Migraine intensity, as measured on a visual analogue scale (range 0-10), was reported in 13 studies and improved from a pooled average of 8.0 to 3.9 following surgical intervention ( Table 4 ) .
Migraine frequency was measured in 11 studies and reduced from an average of 15.6 migraine headaches per month to 5.1 ( Table 5 ) .
Migraine duration (days) was reported in eight studies, with an average pre-operative duration of 0.9 and an average post-operative duration of 0.4 ( Table 6 ) .
Eight studies calculated a composite migraine headache index (MHI) by multiplying frequency, intensity and duration scores; this improved from a pooled average of 115.2 preoperatively to 14.5 postoperatively ( Table 7 ) .
Adverse outcomes and recurrence rates
Only 10 of the 18 included studies commented on adverse events ( Table 8 ). Of these, seven described variable rates of post-operative complications and three studies reported no adverse events. The overall rate of adverse events was 11.6%, ranging from 0 to 38%. In the 14 studies, where complete elimination of migraine headache was reported, the average percentage of patients with recurrence of migraine following surgery was 57% (range 13-92%). No studies reported complete migraine elimination in all patients following surgery. A greater than 50% reduction in the MHI score was a commonly reported indicator of surgery success; in the 10 studies where this was reported, an average of 83.3% of participants achieved this threshold (range 71-95%).
Quality of life outcome measures
Assessment of additional generic and/or disease-specific patient-reported outcome measures was beyond the scope of this review. However, only 5 included studies reported on patient outcomes not directly related to the surgical intervention. 19, 25, 27, 46, 47, 52 One study reported statistically significant improvements using a previously validated migraine-specific disability assessment tool. 25, 27 The remaining four studies described qualitative benefits using non-validated questionnaires. 19, 46, 47, 52 No included study used a generic quality of life or depression tool. Where reported, migraine surgery appears to be associated with quality of life improvements, although these findings must be interpreted in the context of the quality of evidence provided.
Discussion
This paper describes the first PRISMA-compliant systematic review of surgical intervention for chronic migraine. It provides a descriptive, critical synthesis of the literature with particular attention to migraine-specific outcome measures and adverse event rates. Overall, our review suggests that surgical trigger site deactivation leads to symptomatic benefits in appropriately selected patients with chronic migraine, in that across all included studies, a positive intervention effect was observed. Nonetheless, flawed research methodology throughout the literature prevents this review from definitively supporting or refuting the hypothesis that surgical intervention is effective for chronic migraine. All included studies reported an improvement in post-operative migraine intensity, with an average reduction of nearly 50% -a figure consistent with that given in the three included RCTs. Similar improvements were seen across other disease-specific endpoints including migraine duration, frequency and composite headache scores, although this should be interpreted in the context of the benefits of placebo as seen in the PREEMPT trials. [13] [14] [15] [16] Fourteen of the included studies were based on observational data. Significant methodological flaws in nine of these studies meant that their evidence quality assessment was downgraded to 'very low' according to GRADE criteria. Despite using a randomised trial design, the three prospective clinical trials did not provide enough reliable data to allow us to conclusively achieve our second and third review objectives, largely owing to flaws in trial methodology and intervention heterogeneity. For example, Guyuron et al. randomised patients to a complex intervention (including facial muscle resection, cranial nerve excision and/or nasal surgery -where each patient received a different combination based on trigger sites) versus no intervention. 25, 27 Each participant in the treatment group therefore received an essentially different intervention, furthering the intra-group heterogeneity. A number of other methodological flaws in the trial design are detailed in Table 2 . The second RCT, also conducted by Guyuron et al. was a quasi-randomised trial where the same patient received one treatment on one hemi-cranium and the alternative intervention on the opposite side. 28 There are issues with this trial design, including difficulties when interpreting results and the importance of the unit All scores provided to 1 dp. * MHI scores provided at baseline and five-year follow-up. of analysis. 55 Similar issues were encountered in the third RCT: here, Omranifard et al. evaluated a complex intervention versus non-standardised medical therapy, again reducing the reliability of the observed effects due to intra-and inter-group heterogeneity. 51 These issues meant that the quality of evidence provided by these RCTs was downgraded to low, using the GRADE approach. Adverse event reporting was inconsistent and ranged from 0% to 38% in 10 studies. Inconsistent adverse event reporting complicates interpreting this variability; indeed, the other seven studies did not report on adverse events at all. Such inconsistency is concerning, particularly when considering the proposed benefits of migraine surgery versus botulinum toxin regimens, which has consistently low rates of adverse events. This must be considered a standard outcome in future research on migraine surgery.
Extracranial migraine trigger site deactivation is based on the theoretical mechanism that surgical intervention is able to make permanent the temporary effects of botulinum toxin. This is the rationale for our evaluation of the 'permanence' of the surgical intervention, in terms of both migraine recurrence and complete elimination. Interestingly, there was a pooled average of 60% of study participants who had recurrence of migraine after surgical intervention -i.e., only 40% of patients who underwent surgical intervention achieved permanent symptomatic relief. In one paper, 92% of patients had recurrence of symptoms following multiple trigger site deactivation. 19 This was also seen in a similar study involving multiple trigger site deactivation, where an 83% recurrence rate was observed. 52 Only in four studies was the rate of recurrence less than 50% during the follow-up period. 28, 49, 51, 53 However, some consider migraine to be a largely genetically determined disorder of brain biology that cannot be cured, and therefore, modulatory interventions are required. Considering this concept, the recurrence of symptoms may be unavoidable.
In contrast to the high rates of migraine recurrence, all studies reported symptomatic improvement, with a pooled average of 83% of study participants achieving a greater than 50% reduction in MHI scores. The migraine headache index (MHI) is a widely used tool that combines migraine duration, migraine intensity and migraine frequency to generate a composite outcome. The MHI was initially developed to ensure compatibility of outcome measures between studies, including key migraine-specific variables of interest. However, MHI scores from separate studies are very difficult to compare statistically because of differences in the collection of baseline data and the inherent variability of each component of the MHI. In addition, extrinsic factors affecting one or more of these subjectively assessed components are not accounted for. For example, if a patient used an abortive medication, reducing the duration of the migraine attack, but not affecting its frequency or severity, there will be an unrepresentative change in the overall MHI. This may act as a confounding factor when measuring the effect of surgical intervention. The authors feel that the individual components of the MHI, along with more objective measures of intervention effect, are best employed in the migraine population. Despite the methodological issues already described, the consistent improvement in migrainerelated outcomes demonstrates that, while surgery may not achieve permanence of the 'Botox effect', it may be associated with symptomatic improvement for a period of time. The actual difference in effectiveness at im proving sym ptoms between botulinum toxin alone versus surgery remains to be proven in an adequately powered clinical trial. 56 Of note, of the 15 studies using an extracranial nerve deactivation strategy, only nine employed preoperative response to botulinum toxin or local anaesthetic as part of their trigger site identification algorithm.
This systematic review draws two key conclusions: 1. There is insubstantial evidence supporting the effectiveness of surgical intervention for chronic migraine primarily due to flaws; 2. An analysis of the current primary clinical research data suggests that surgical intervention may benefit appropriately selected chronic migraine patients. Considering these findings, the authors believe that an adequately powered, randomised clinical trial of a well-defined surgical intervention for migraine compared to botulinum toxin and/or placebo is needed. It should include a variety of outcome measures including objective measures of effect, validated generic and migraine-specific patient-reported outcome measures and comprehensive reporting of adverse event and recurrence rates. Follow-up will need to be of sufficient length to compare the longevity of surgical intervention versus botulinum toxin. This proposed trial could provide definitive evidence for clinicians and patients alike, ensuring best practice and fully informed consent.
Strengths and limitations
This systematic review is the first PRISMA-compliant, prospectively registered, critical assessment of the evidence base for migraine surgery. Throughout, we have focused on sound systematic review methodology to present an unbiased and scientific assessment of the body of knowledge for migraine surgery. Our search strategy included a broad range of study types to capture all relevant reports of primary clinical research, enabling a global evaluation of the topic. Although we were unable to perform statistical meta-analysis, our descriptive analysis allows an overview of the likely effect of a variety of surgical interventions, with a snapshot of the rates of recurrence and adverse events. This review also identifies specific flaws that have affected the reliability of migraine surgery research to date, with a view to providing direction towards definitive, clinically meaningful research. This review was limited by a paucity of methodological quality in included studies, heterogeneous interventions and inconsistent outcome reporting. Variability in baseline data, intervention data and outcome data precluded formal meta-analysis. The authors of 7 studies eligible for inclusion were contacted with requests for additional data to enable data extraction. The data requested from these 7 studies included baseline demographics, preoperative migraine data and post-operative outcome data. Unfortunately, none of the authors of these papers were able to provide data, which significantly reduced our final cohort of included studies. These limitations prevent the authors from providing definitive clinical recommendations either for or against migraine surgery, based on the current evidence.
Conclusion
The current literature supporting surgical intervention for chronic migraine is insufficient to provide reliable guidance for clinicians. All 18 of the studies included in our review suggest a beneficial effect of surgical intervention for migraine in selected patients; however, methodological flaws throughout the literature reduce the reliability of these findings. According to the GRADE approach, we cannot definitively state that surgery for migraine is effective for relief of symptoms. Migraine surgery is an evolving field and future research should build on deficiencies in the current literature. A definitive, multicentre trial of migraine surgery will provide substantive evidence to guide patients and clinicians.
Funding
JCRW is an NIHR Academic Clinical Fellow. This research is supported by the National Institute for Health Research (NIHR) infrastructure at NDORMS. The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the Department of Health and Social Care. No funding was directly received for the development of this manuscript.
